We have previously reported the chemistry and antinociceptive properties of a series of glycosylated enkephalin analogs (glycopeptides) exhibiting approximately equal affinity and efficacy at ␦ opioid receptors (DORs) and opioid receptors (MORs).
Introduction
Chronic pain continues to be a major health, social, and economic problem throughout the world. In the United States, it is estimated that up to 56 million adults suffer from chronic pain annually (Brennan et al., 2007) . When untreated, chronic pain can interfere with sleep, limit activities of daily living, and decrease overall productivity. Costs associated with medical care and lost worker productivity caused by chronic pain have been estimated at more than $50 billion annually (Burgoyne, 2007) .
Opioid agonists are currently the most widely used analgesic class of drugs for the treatment of moderate to severe pain. They exert their effects primarily through the opioid receptor (MOR), which produces not only analgesic effects, but also a number of side effects (Gutstein and Akil, 2005) . These side effects include the development of tolerance and physical dependence, addiction liability, urinary retention, constipation, and respiratory depression, all of which can limit their clinical application (McNicol et al., 2003) . Because This work was supported by the National Institutes of Health National Institute on Drug Abuse [Grant R43-DA026653-01A1]; and the Office of Naval Research .
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Article, publication date, and citation information can be found at http://jpet.aspetjournals.org. U50,488, trans-3,4-dichloro-N-methyl-N[2-(1-pyrolidinyl) many of the detrimental side effects of opioid treatment are mediated through the MOR, there is a renewed interest in targeting the ␦ opioid receptor (DOR) in an effort to produce adequate analgesia with potentially decreased side effects (Porreca et al., 1984; Bilsky et al., 2000) .
DOR agonists produce broad-spectrum antinociceptive effects in preclinical rodent models. Several investigators have reported complex changes in DOR expression levels and function during acute and subacute inflammatory pain states (Scherrer et al., 2006; Cahill et al., 2007) , as well as potent and efficacious antinociceptive effects (Petrillo et al., 2003) . Similar profiles have been observed in the neuropathic pain states, as well as in animal models of bone cancer pain (Brainin-Mattos et al., 2006; Holdridge and Cahill, 2007) . There is accumulating preclinical evidence for fewer classic opioid side effects with DOR agonists, including less respiratory depression, less inhibition of gastrointestinal transport, and reduced tolerance and physical dependence (Cowan et al., 1988; Sheldon et al., 1990; Su et al., 1998; Bilsky et al., 2000; Codd et al., 2009) .
In addition to the promising antinociceptive activity of selective DOR agonists, there is a growing body of evidence suggesting that DOR and MOR interact with one another and that DOR/MOR interactions, either agonist/agonist (DOR ϩ MOR) or agonist/antagonist (MOR Ϫ DOR) may produce synergism in terms of increased antinociception, while at the same time reducing undesirable side effects. For example, there are broad colocalizations of MOR and DOR on overlapping populations of neurons in pain-modulating regions of the CNS (Fields et al., 1980; Gray et al., 2006) . Coadministration of DOR agonists apparently increases the potency and efficacy of MOR agonists (Sutters et al., 1990) . Furthermore, studies have evaluated combinations of MOR and DOR agonists. Combinations of (ϩ)-4-[(␣R)-␣-((2S,5R)-4-allyl-2,5-dimethyl-1-piperazinyl)-3-methoxybenzyl]-N,Ndiethylbenzamide (SNC-80) and a MOR agonist produced leftward shifts in the dose-effect curves. The SNC-80 and MOR agonist mixture produced superadditive effects in the thermal antinociceptive assay, and subadditive or additive effects on behavioral measures associated with side effects (Stevenson et al., 2003) . Although functionally distinct MOR-DOR heterodimers or hetro-oligomers have been proposed (Gomes et al., 2004) , evidence suggests that MOR and DOR exist on separate populations of neurons (Scherrer et al., 2006) . Taken together, the literature supports a functional interaction between MOR and DOR and a possible regulatory role for DOR agonists. Compounds possessing dual actions at DOR and MOR should produce broad-spectrum analgesic efficacy with less intense side effects compared with MORselective agonists (Schiller, 2010) .
Our group previously reported that the glycosylation of enkephalin-based peptides increases stability and bloodbrain barrier (BBB) penetration, thereby increasing CNS bioavailability (Bilsky et al., 2000; Elmagbari et al., 2004; Egleton et al., 2005; Polt et al., 2005; Lowery et al., 2007) . In this study, we report a more detailed in vivo characterization of a lead glycopeptide [MMP-2200; H 2 N-Tyr-D-Thr-Gly-PheLeu-Ser-(O-␤-D-lactose)-CONH 2 ] that has high affinity and efficacy for DOR and MOR. It was proposed that the antinociceptive potency of MMP-2200 was caused by its synergistic activity at these two receptors, and that this would produce a more favorable side effect profile compared with a MORselective agonist such as morphine. The current studies were designed to assess the in vitro and in vivo activity of MMP-2200 and further define the optimal DOR/MOR receptor selectivity in an effort to enhance antinociception and limit detrimental side effects.
Materials and Methods
Drugs and Injections. Good manufacturing practice-compliant MMP-2200 was synthesized by PolyPeptide Labs of Torrance, CA, using previously published methods (Elmagbari et al., 2004) . Morphine sulfate, naloxone, ␤-funaltrexamine (␤-FNA), naltrindole, and norbinaltorphimine (nor-BNI) were obtained through the National Institute on Drug Abuse (Bethesda, MD) drug supply program. Naloxone- ,593) were purchased from Sigma-Aldrich (St. Louis, MO).
All drugs were dissolved in distilled water for intracerebroventricular injections and in physiological saline (0.9% NaCl) for systemic injections. The intracerebroventricular injections were performed as described previously (Porreca et al., 1984) . In brief, mice were lightly anesthetized with ether, and a 5-mm incision was made along the midline of the scalp. An injection was made using a 25-l Hamilton syringe (Hamilton Co., Reno, NV) at a point 2 mm caudal and 2 mm lateral from bregma. All systemic injections were given in a volume based on the weight of the animal (0.1 ml/10 g bodyweight). For intravenous injections, mice were restrained in a Plexiglas holder, and the distal portion of the tail was dipped into 40°C warm water for approximately 10 s to dilate the tail vein. The injection was made into the tail vein using a 30-gauge needle and a 1-ml syringe. For intraperitoneal injections, mice were restrained by grasping the nape of the neck and tail. Their abdominal regions were exposed by slightly bending their backs, and the injection was made with a 1-ml syringe and a 30-gauge needle inserted into the peritoneal cavity. Subcutaneous injections were performed by injecting the drug directly underneath the skin between the abdominal region and the anterior portion of the hip. For oral injections, an 18-gauge, 1 1 ⁄2-inch curved ball needle attached to a 1-ml syringe was used to prevent damage to the esophagus and from passing through the glottal opening into the trachea. The needle was passed gently through the mouth and pharynx into the esophagus, and substance was administered. Intrathecal injections were made by using a constant 5-l volume at the L5/6 level using a modification of the method used by Hylden and Wilcox (1980) . Injections were made to lightly anesthetized mice using a Hamilton microliter syringe fitted with a 30-gauge needle.
Opioid Binding to Human MOR, DOR, or KOR. Chinese hamster ovary (CHO) cells stably transfected with the human ␦ opioid receptor (hDOR-CHO) or opioid receptor (hKOR-CHO) were obtained from Dr. Larry Toll (SRI International, Palo Alto, CA). CHO cells stably expressing the human opioid receptor (hMOR-CHO) were obtained from Dr. George Uhl (National Institute on Drug Abuse Intramural Program, Bethesda, MD). The cells were grown in 100-mm dishes in Dulbecco's modified Eagle's media supplemented with 10% fetal bovine serum and penicillin-streptomycin (10,000 units/ml) at 37°C in a 5% CO 2 atmosphere. At confluence, the CHO cells were scraped from the 100-mm dishes, and they were centrifuged at 1200g. The cell pellets were resuspended in 50 mM TrisHCl, pH 7.5, by use of a Polytron. The membranes were centrifuged at 39,000g for 30 min at 4°C. The membranes were resuspended in 50 mM Tris-HCl, pH 7.5, at a protein concentration of approximately 5 mg/ml. The membranes were aliquoted into polypropylene tubes and frozen at Ϫ80°C until use. The protein concentration was determined using previously published methods (Bradford, 1976 (Cheng and Prusoff, 1973) .
[ 35 S]GTP␥S Binding Studies. To prepare membranes for [ 35 S]GTP␥S binding, CHO cells stably expressing the human MOR, DOR, or KOR were scraped from tissue culture plates and centrifuged at 200g for 10 min at 4°C. The cells were resuspended in phosphate-buffered saline, pH 7.4, containing 0.04% EDTA. After centrifugation at 200g for 10 min at 4°C, the pellet was resuspended in membrane buffer, consisting of 50 mM Tris-HCl, 3 mM MgCl 2 , and 1 mM EGTA, pH 7.4. The membranes were homogenized with a Dounce homogenizer, followed by centrifugation at 39,000g for 20 min at 4°C. The membrane pellet was resuspended in membrane buffer, and the centrifugation step was repeated. The membranes were resuspended in assay buffer, which consisted of 50 mM TrisHCl, 3 mM MgCl 2 , 100 mM NaCl, and 0.2 mM EGTA, pH 7.4. The hMOR-CHO (10 g of protein/tube), hDOR-CHO (10 mg of protein/ tube), or hKOR-CHO (15 g of protein/tube) cells were incubated with 12 different concentrations of the agonist in assay buffer for 60 min at 30°C in a final volume of 0.5 ml. The reaction mixture contained 3 M GDP and 0.080 nM [
35 S]GTP␥S. Basal activity was determined in the presence of 3 M GDP and in the absence of agonist, and nonspecific binding was determined in the presence of 10 M unlabeled GTP␥S. After the 60-min incubation, the membranes were filtered onto Whatman no. 32 glass fiber filters by vacuum filtration, followed by three washes with 3 ml of ice-cold 50 mM Tris-HCl, pH 7.5. Samples were counted in 2 ml of Fisher Scintisafe 30% scintillation fluid. Data are presented as the percentage of agonist stimulation of [ 35 S]GTP␥S binding normalized against DAMGO (MOR), cyclohexyl]benzeneacetamide methanesulfonate (U50,488) (KOR). All experiments were repeated three times and performed in triplicate.
Animals. Male ICR mice (25-35 g; Harlan, Indianapolis, IN) were used for all studies with the exception of the respiration studies. Male BALB/c mice (25-35 g; The Jackson Laboratory, Bar Harbor, ME) were used for respiration studies, because this strain of mice does not display robust hyperlocomotion to morphine when given at antinociceptive or supra-antinociceptive doses. A total of 680 mice (8 -10 mice per group) were used for the experiments. All mice were housed in groups of five in Plexiglas chambers with food and water available ad libitum. All animals were maintained on a 12-h light/ dark cycle (lights on at 7:00 AM) in a temperature-and humiditycontrolled animal colony. All animal experiments were performed under an approved protocol in accordance with institutional guidelines and the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the National Institutes of Health.
Tests for Antinociception. Antinociception was assessed using the 55°C warm-water tail-flick test. The latency to the first sign of a rapid tail flick was taken as the behavioral endpoint (Jannsen et al., 1963) . Each mouse was first tested for baseline latency by immersing its tail in the water and recording the time to response. Mice not responding within 5 s were excluded from further testing. Mice were then administered the test compound and tested for antinociception at various time points afterward. Antinociception was calculated using the following formula: percentage of antinociception ϭ 100 ϫ (test latency Ϫ control latency)/(10 Ϫ control latency). To avoid tissue damage, a maximum score was assigned (100%) to animals that failed to respond within 10 s.
Antagonist Studies. To determine the opioid receptors involved with MMP-2200-mediated antinociception, mice were pretreated with various opioid-selective antagonists: the nonselective opioid antagonist naloxone (1 mg/kg i.p.; t ϭ Ϫ30 min), the peripherally selective antagonist naloxone-methiodide (3.2 mg/kg i.p.; t ϭ Ϫ30 min), the DOR antagonist naltrindole (10 mg/kg s.c.; t ϭ Ϫ10 min), the KOR antagonist nor-BNI (30 mg/kg i.p.; t ϭ Ϫ24 h), and the MOR-selective antagonist ␤-FNA (19 nmol i.c.v.; t ϭ Ϫ24 h). These doses have previously been shown to be selective for the intended opioid receptor type, and times chosen for pretreatment corresponded to times of peak antagonist effect in this assay (Heyman et al., 1986; Jiang et al., 1989; Horan et al., 1992; ) . Antinociceptive testing took place at the time of agonist peak effect.
Locomotor Studies. Locomotor activity was measured using an activity monitoring system (Coulbourn Instruments, Allentown, PA) and TruScan software (Coulbourn Instruments). Each of the eight chambers consisted of 10-in wide ϫ 10-in long ϫ 16-in high arena surrounded by Plexiglas walls. The floor consisted of a removable plastic drop pan that was cleaned between sessions. A sensor ring surrounded the arena on the bottom outside edges of the four sides of the chamber and contained 16 infrared beams that transected both the length and the width of the chambers on all four sides (beam spacing ϭ 0.6 inches, resolution of 32 ϫ 32 squares). Measurement of the animal position was determined every 100 ms, and the software calculated a number of parameters related to aspects of locomotor activity. The total distance traveled by each mouse was used as the primary measure of activity, with the data summed into 5-min intervals (bins). Mice were habituated to the chamber for 30 min and then removed from the chambers and administered saline, morphine, or MMP-2200 subcutaneously. Mice were immediately placed back into the chambers and monitored for an additional 90 min. Sessions were divided into 24 5-min bins with the distance traveled calculated for each mouse.
Tolerance Assay. Mice were administered twice-daily (8 AM and 5 PM) subcutaneous injections of morphine or MMP-2200 at respective A 90 doses for 3 days. On day 4, a baseline latency was taken for each mouse using the 55°C tail-flick test. Mice were then injected subcutaneously with drug and tested for antinociception at the time of peak effect.
Acute Physical Dependence. Mice were injected subcutaneously with saline or doses of test drugs that were 16.8 times their respective A 50 doses. This calculation was based on our previous studies, which demonstrated a robust level of dependence/withdrawal in morphine-treated animals at 100 mg/kg s.c. The modification evaluates all compounds on an equivalent micromolar/kilogram basis. Four hours after injection, withdrawal was precipitated with a single intraperitoneal injection of naloxone (10 mg/kg). Immediately after the injection, mice were placed into a clear Plexiglas cylinder with a filter paper bottom. Mice were videotaped for 20 min, and the number of vertical jumps was recorded by trained observers blinded to the experimental protocol.
Chronic Physical Dependence. Mice were administered twicedaily (8 AM and 5 PM) subcutaneous injections of saline, morphine (30 mg/kg), or MMP-2200 (30 mg/kg) for 4 days before withdrawal precipitation. Withdrawal was precipitated with a single intraperitoneal injection of naloxone (30 mg/kg) approximately 4 h after the last injection. Mice were videotaped for a 20-min session after their antagonist injection, and the numbers of vertical jumps, feces, urine Preclinical Pharmacology of a DOR/MOR Agonist output, and bodyweight were recorded by trained observers blinded to the experimental protocol.
Gastrointestinal Transit Studies. Mice were deprived of food for 18 h before the experiment. On test day, saline, morphine, or MMP-2200 was administered intravenously at t ϭ Ϫ10 min. At t ϭ 0 min, charcoal was delivered orally at a constant volume of 250 l. The suspension was prepared the day of use as 10% charcoal (Sigma-Aldrich) with 2.5% arabic acid (Sigma-Aldrich) in water and mixed thoroughly and repeatedly to minimize needle obstruction and ensure a homogenous suspension. Mice were sacrificed at t ϭ 30 min via cervical dislocation, and the small intestine (duodenum to cecum) was then dissected out and carefully uncoiled. The distance traveled by the charcoal was measured and compared with the total length of the small intestine for each mouse and expressed as percentage of GI transit (i.e., distance covered by the charcoal/total intestinal length ϫ 100).
Respiration Studies. Respiratory function was measured in conscious, freely moving male BALB/c mice using whole body plethysmography technology (Buxco Electronics, Inc., Troy, NY). Chambers were maintained at room temperature (23-24°C) and mass flow controllers set the flow and composition of the gas. Saline, morphine, or MMP-2200 was administered intraperitoneally at t ϭ 0 min. Mice were then immediately placed into the chambers for a 30-min habituation period. At t ϭ 30 min, four different concentrations of carbon dioxide (0, 3, 5, and 8%) were administered every 7 min, at a constant O 2 saturation of 25%. Minute ventilation and respiratory rate were recorded for each CO 2 concentration.
Statistical Analysis. For antinociceptive tests, dose-response lines were constructed at times of agonist peak effect and analyzed using linear regression. Agonist A 50 values [95% confidence intervals (C.I.)] were calculated from the linear portion of the dose-response curve (FlashCalc software; Dr. Michael Ossipov, University of Arizona, Tucson, AZ). A t test and analysis of variance followed by appropriate post hoc analysis were used for statistical analysis of the remaining behavioral data. In all cases, significance was established at p Ͻ 0.05.
Results
Figure 1 depicts the chemical structures of morphine and MMP-2200 and summarizes the binding affinities and functional activity at human MOR, DOR, and KOR. Morphine displayed preferential binding to MOR over KOR and DOR, consistent with values reported in the literature (Smith et al., 2007) . In contrast, MMP-2200 exhibited high affinity for both DOR and MOR, with approximately 8-fold lower affinity for KOR. The GTP␥S assay further characterized the functional activity of MMP-2200. The compound produced nearmaximal stimulation (compared with the MOR agonist DAMGO and the DOR agonist SNC-80), although it is noteworthy that the EC 50 for DOR was almost 16-fold lower (more potent) compared with MOR.
The dose-and time-related antinociceptive effects of morphine and MMP-2200 have been reported previously after intracerebroventricular or intravenous administration in the 55°C tail-flick test (Elmagbari et al., 2004) . We extend these results to the subcutaneous route of administration, because it is commonly used for repeated tolerance and physical dependence injection regimens. As expected, morphine and MMP-2200 both produced dose-and time-related antinociception in this assay (Fig. 2) . On a micromolar/kilogram basis, MMP-2200 was approximately 2.7-fold more potent than morphine with calculated A 50 values (and 95% C.I.) of 8.9 (8.1-10.0) mol/kg for MMP-2200 and 23.8 (21.3-26.6) mol/kg for morphine. Figure 2 also shows the calculated area under the curves for the antinociceptive dose and time response curves. Both compounds exhibited similar area under the curves at equivalent antinociceptive doses (F 1,54 ϭ 1.26; p Ͼ 0.05). The two compounds were also tested for antinociceptive effects after intrathecal administration. MMP-2200 was approximately 19-fold more potent than morphine after intrathecal administration, with calculated A 50 values (and 95% C.I.) of 0.049 (0.035-0.068) nmol for MMP-2200 and 0.929 (0.627-1.312) nmol for morphine (data not shown).
In an effort to complement our in vitro studies, a number of in vivo assays related to antinociceptive efficacy and side effects were performed (summarized in Table 1 and detailed below). The antinociceptive effects of MMP-2200 were mea- Figure 3A shows that the antinociceptive effects of an A 90 dose of MMP-2200 (20 mg/kg s.c.) were blocked by pretreatment with the general opioid antagonist naloxone (1 mg/kg i.p.; t ϭ Ϫ30 min), but not by the peripherally selective antagonist naloxone-methiodide (3.2 mg/kg i.p.; t ϭ Ϫ30 min; F 2,18 ϭ 160.8; p Ͻ 0.001). The antinociceptive effects of MMP-2200 were partially blocked by pretreatment with the MOR-selective antagonist ␤-FNA (19 nmol i.c.v.; t ϭ Ϫ24 h) (Fig. 3B) . Under similar conditions, ␤-FNA fully blocked the antinociceptive effects of the MOR-selective agonist DAMGO (0.1 nmol i.c.v.; F 3,34 ϭ 79.5; p Ͻ 0.001). The antinociceptive effects of MMP-2200 (20 mg/kg s.c.) were also partially blocked by pretreatment with the DOR antagonist naltrindole (10 mg/kg s.c.; t ϭ Ϫ10 min) (Fig. 3C) . Under similar conditions, naltrindole fully blocked the antinociceptive effects of the DOR agonist DPDPE (30 nmol i.c.v.; F 3,29 ϭ 49.4; p Ͻ 0.001). The antinociceptive effects of MMP-2200 (20 mg/kg s.c.) were not blocked by pretreatment with the KOR antagonist nor-BNI (30 mg/kg i.p.; t ϭ Ϫ24 h). In contrast, the KOR agonist U69,593 (60 nmol i.c.v.) was fully sensitive to nor-BNI blockade (F 3,25 ϭ 883.5; p Ͻ 0.001) (Fig. 3D) . A separate experiment assessed the effects of pretreatment with a combination of ␤-FNA (19 nmol i.c.v.; t ϭ Ϫ24 h) and naltrindole (10 mg/kg s.c.; t ϭ Ϫ10 min). This combination completely blocked the antinociceptive effects of MMP-2200 (data not shown).
MOR agonists strongly stimulate stereotypical patterns of movement and produce muscular rigidity and Straub tail in 
Preclinical Pharmacology of a DOR/MOR Agonist

771
ICR mice. The locomotor effects (distanced traveled) produced by subcutaneous injection of morphine or MMP-2200 are quantified in Fig. 4 . The first 30 min of the session habituated animals to the testing chambers with a general decrease in activity occurring in all groups. Saline control mice continued to habituate to the chambers over the next 90 min. Morphine injections produced an initial and transient (0 -10 min) decrease in activity followed by robust and doserelated stimulation of forward locomotion (Fig. 4A ). In contract, at approximate equi-antinociceptive doses MMP-2200 produced a stronger initial decrease in locomotor activity that was followed by a weak stimulation of locomotor activity (Fig. 4B ). Informal observations of the morphine-and MMP-2200-treated animals indicated less muscular rigidity and Straub tail with MMP-2200. Separate groups of mice were injected with doses of morphine or MMP-2200, and the degree of Straub tail was scored as described previously (Zarrindast et al., 2002) . A double Y plot of dose of compound versus antinociceptive or Straub tail effect is depicted in Fig.   4C . The dose-response curves for morphine on these two measures are virtually overlapping with only a 1.5-fold separation between doses that produce half-maximal effects. In contrast, the dose-response curves for MMP-2200 were separated by a 5-fold difference in potency (e.g., it took almost five times higher doses of MMP-2200 to produce a halfmaximal effect on the Straub tail measure compared with doses that produced a 50% maximal possible effect in the tail-flick assay). As mentioned above, both compounds initially depressed locomotor activity immediately after injection. MMP-2200 produced a significantly greater depressing effect on locomotor activity from t ϭ 30 to 60 min based on the calculated area under the curve (F 1,114 ϭ 38.6; p Ͻ 0.01). To further examine these effects, a modified locomotor activity experiment was performed to evaluate this initial depression of activity observed with MMP-2200. The assay was modified to collect 1-min bins of data (increased temporal resolution), and mice were injected with drug immediately before they were placed 
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into the chambers to keep activity levels high to be sensitive to detecting the potential initial decrease in activity. As before, an A 90 dose of MMP-2200 (20 mg/kg s.c.) decreased activity compared with vehicle-treated animals (Fig. 5) . It was hypothesized that the observed decrease reflected the drug's actions on peripheral opioid receptors and/or activity at CNS KORs. Pretreatment with the KOR antagonist nor-BNI (30 mg/kg i.p.; t ϭ Ϫ24 h) or the peripherally selective antagonist naloxone-methiodide (3.2 mg/kg i.p.; t ϭ Ϫ30 min) partially reversed the locomotor-depressing effects of MMP-2200. A combination of nor-BNI (30 mg/kg i.p.; t ϭ Ϫ24 h) and naloxone-methiodide (3.2 mg/kg i.p.; t ϭ Ϫ30 min) fully reversed the MMP-2200-induced depression of locomotor activity to control levels (Fig. 5B) . Neither antagonist treatment by itself altered activity levels compared with saline controls (Fig. 5B ). An overall analysis of variance yielded an F 6,72 ϭ 19.0 and p Ͻ 0.001.
The development of antinociceptive tolerance and physical dependence were assessed using previously published methods (Raehal et al., 2005) . Twice-daily subcutaneous injections of equi-antinociceptive doses of morphine or MMP-2200 for 3 days resulted in approximate 12.8-and 4.8-fold rightward shifts in the dose-response curves, with calculated A 50 values (and 95% C.I.) of 305.8 (255.3 366.4) mol/kg for morphine and 42.9 (37.5-49.0) mol/kg for MMP-2200 (Fig. 6) . Neither compound produced any signs of overt behavioral toxicity or bodyweight loss compared with saline control mice (data not shown). In the acute physical dependence assay, naloxone (10 mg/kg i.p.) did not precipitate any vertical jumping in mice pretreated with saline (data not shown). In contrast, morphinetreated animals displayed significant naloxone-precipitated vertical jumping behavior compared with controls [t(19) ϭ 3.84; p Ͻ 0.001]. In MMP-2200-pretreated animals, naloxone produced less vertical jumping behavior compared with equivalent treatments with morphine [t(23) ϭ 3.15; p Ͻ 0.01], and this group was not significantly different from saline controls [t(9) ϭ 1.51; p Ͼ 0.05]. 
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A longer treatment regimen (twice daily for 4 days) of morphine or MMP-2200 was used to further assess development of physical dependence. Chronic saline-treated animals displayed no vertical jumping after naloxone injection (Fig. 7A) . As expected, naloxone precipitated significant withdrawal jumping in morphine-pretreated mice compared with mice pretreated with saline [t(9) ϭ 2.16; p Ͻ 0.05]. Animals receiving chronic MMP-2200 displayed less naloxone-precipitated jumping behavior compared with the morphine controls but was not significant [t(11) ϭ 1.69; p ϭ 0.12]. The MMP-2200 group was no different from saline controls [t(9) ϭ 1.27; p Ͼ 0.05]. Additional indices of withdrawal included bodyweight loss, fecal boli, and urine output (Figs. 7, B-D Similar patterns of withdrawal severity were observed on the fecal boli and urine output measures (Fig. 7, C and D) . Morphine-treated animals produced significantly more fecal boli compared with saline controls [t(17) ϭ 7.9; p Ͻ 0.001]. The MMP-2200 group produced significantly less fecal boli compared with morphine-treated animals [t(18) ϭ 7.7; p Ͻ 0.001]. Morphine-treated animals produced significantly The effects of morphine or MMP-2200 doses on gastrointestinal transit and respiration are depicted in Figs. 8 and 9 , respectively. Morphine and MMP-2200 both dose-dependently inhibited gastrointestinal transit compared with saline controls: F 4,41 ϭ 45.6, p Ͻ 0.001 and F 4,41 ϭ 44.9, p Ͻ 0.001, respectively. On a micromolar per kilogram basis, morphine and MMP-2200 had calculated ID 50 values (and 95% C.I.) of 4.7 (3.7-6.0) mol/kg and 0.51 (0.35-0.75) mol/kg, respectively. In the respiration assay, whole-body plethysmography was used to quantify the effects of varying CO 2 levels on respiratory rate, tidal volume, and minute ventilation. The minute ventilation data are used as the primary endpoint (Fig. 9) . Minute ventilation was stimulated in a concentration-dependent manner as the level of CO 2 increased. Morphine and MMP-2200 both decreased minute ventilation under normal air (0% CO 2 ) conditions: F 4,39 ϭ 41.0, p Ͻ 0.001 and F 4,38 ϭ 26.9, p Ͻ 0.001, respectively. The slopes of the CO 2 response curves were also significantly decreased at higher doses of both morphine and MMP-2200: F 4,39 ϭ 4.45, p Ͻ 0.01 and F 4,38 ϭ 4.80, p Ͻ 0.01, respectively.
Discussion
Targeted glycosylation of enkephalin-based peptides can increase peptide stability, BBB penetration, and antinociceptive potency (Bilsky et al., 2000; Elmagbari et al., 2004; Dhanasekaran and Polt, 2005; Egleton et al., 2005; Lowery et al., 2007) . MMP-2200, a lead glycopeptide, exhibits low nanomolar affinity and high efficacy at DOR and MOR and potency/time course profiles similar to morphine in an acute thermal nociceptive assay (Elmagbari et al., 2004) . Synthesis of MMP-2200 (Ͼ98% purity) is efficient and scalable, allowing us to pursue advanced in vivo testing in rodents and nonhuman primates (Egleton et al., 2005; Do Carmo et al., 2008) .
The in vitro assays indicated that MMP-2200 exhibited affinity and efficacy for both DOR and MOR. This profile was further substantiated by the in vivo antagonist studies. Pretreatment with naloxone and naloxone-methiodide verified that CNS, but not PNS, opioid receptors were critical for producing the antinociceptive effects after systemic administration. DOR-and MOR-selective (but not KOR-selective) antagonists reduced MMP-2200 antinociception, supporting the in vitro profile of the compound and the hypothesis that the antinociceptive potency of MMP-2200 is caused by mixed DOR/MOR activity. Additional studies need to be performed 
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to determine whether these interactions are additive/synergistic (Stevenson et al., 2003) .
Two of the hallmarks of MOR agonist activity in ICR mice are stereotypic circling behavior and Straub tail/muscular rigidity. These behaviors are frequently observed at doses of MOR agonists producing full antinociception. We initially observed much less circling behavior and Straub tail and muscular rigidity in mice injected with MMP-2200 and quantified forward locomotion. Morphine produced robust timeand dose-related stimulation of forward locomotion and stereotypic circling behavior. In contrast, equivalent doses of MMP-2200 produced only mild stimulation of locomotion and . 9 . The effects of morphine and MMP-2200 on respiration using whole-body plethysmography. Morphine (A) and MMP-2200 (B) produced similar effects on the slopes of CO 2 and minute ventilation plots. 776 stereotypic circling behavior. Closer inspection of the results in Fig. 4 indicated that both morphine and MMP-2200 initially produced a decrease in locomotor activity compared with saline. The effects were transient, although more robust with all of the doses of MMP-2200 tested. Figure 4C plots the antinociceptive and Straub tail data for both compounds. The morphine dose-response curves for each effect overlap, whereas there is significant separation between the two effects with MMP-2200 (i.e., the mixed DOR/MOR compound is more potent at producing antinociception versus muscular rigidity/Straub tail).
The decrease in activity observed almost immediately after injection with MMP-2200 (versus saline) could be related to 1) strong activation of peripheral opioid receptors, 2) residual agonist activity at CNS KORs, or 3) some off-target effect of the glycopeptide that directly or indirectly affects motor systems (e.g., histamine release/pruritus). To address these possibilities, we used a modified locomotor assay and pretreated different groups of mice with naloxone-methiodide or nor-BNI. These treatments both partially reversed the initial effects of MMP-2200, and when combined brought the level of activity back to saline controls. A separate set of experiments compared intracerebroventricular injections of morphine and MMP-2200 in the locomotor assay to eliminate peripheral drug exposure. Approximate A 90 doses of intracerebroventricular morphine produced robust hyperlocomotion and stereotypic circling, whereas equivalent doses of MMP-2200 produced only modest increases (data not shown). It is noteworthy that we did not see a decrease in initial activity with either drug administered intracerebroventricularly, indicating the role of peripheral opioid receptors in this effect.
In a model of antinociceptive tolerance, repeated administration of equivalent doses of morphine and MMP-2200 (twice daily for 3 days) resulted in approximate 13-and 5-fold shifts in the dose-response curves, respectively. In acute and chronic physical dependence assays, naloxone consistently precipitated more severe withdrawal in mice receiving morphine versus equivalent MMP-2200 dosing. The results may reflect differences in receptor activity profiles and suggest that a mixed DOR/MOR profile may offer a decreased propensity to produce tolerance/physical dependence compared with MOR-selective agonists. This is in line with previous studies demonstrating lower tolerance/dependence liabilities associated with DOR versus MOR agonists (Dondio et al., 2001; Codd et al., 2009) . It may also reflect potential synergy of DOR/MOR effects for antinociception versus additivity/ subadditivity with respect to mechanisms that drive development of tolerance/dependence (e.g., less occupancy of DOR and MOR populations needed to produce full antinociceptive effects) (Rozenfeld et al., 2007) . Additional experiments need to be performed to test this hypothesis, and there are limitations to interpreting the current results. We attempted to match the dosing and time courses of the two compounds as closely as possible to provide equivalent CNS exposure, but we have not yet measured actual pharmacokinetic and distribution patterns for the compounds. Current efforts have developed analytical methods to quantify MMP-2200 levels in blood and brain tissue. We are in the process of running these more formal pharmacokinetic studies.
A number of additional side effects associated with MOR agonists have complicated the use of these agents for the treatment of acute and chronic pain. Based on the preclinical literature, we predicted that a DOR/MOR agonist would produce less severe inhibition of GI transit and respiratory depression compared with morphine. In the GI transit assay, both drugs produced potent, dose-related inhibition of GI transit. For morphine, the effects were seen at doses that were very close to those needed to produce antinociception in the tail-flick test. In contrast, subantinociceptive doses for MMP-2200 produced significant inhibition. The potency of MMP-2200 in inhibiting GI transit may be caused in part by the activity at peripheral MORs and the relative levels of the compound at peripheral versus central sites. Although glycosylation dramatically improves CNS penetration, the ratio of CNS/ PNS levels of MMP-2200 is still probably lower than that for the small-molecule morphine. This presumably results in a stronger stimulation of peripheral MORs to get an equivalent level of CNS DOR/MOR activation and antinociception. Our analytical efforts will help determine the CNS/PNS ratios, and we may be able to further optimize BBB transport to bring the CNS/PNS ratio closer to that of morphine.
The respiration data indicate that MMP-2200 may have a MOR agonist component too strong to differentiate it from morphine. Under the 0% CO 2 conditions, morphine produced doserelated inhibition of minute ventilation, decreasing this measure by more than 50%. MMP-2200 produced similar levels of inhibition of minute ventilation under normal air conditions. Analysis of the slopes of the CO 2 /minute ventilation curves indicated that both compounds reduced the respiratory drive associated with increasing levels of CO 2 and a reduction in blood pH. Our limited understanding of opioid pharmacology as it relates to respiratory physiology adds to the difficulty of drawing more definitive conclusions. For example, the relative contributions of peripheral versus central MORs, and the role that DORs play in modulating respiration, remain unclear and controversial (Pattinson, 2008) . There is evidence that DOR selective agonists stimulate (or at least produce less inhibition of) respiration, and DOR agonists can reverse MOR-induced respiratory depression (Su et al., 1998; Dondio et al., 2001 ). Changes in motor activity in response to opioid administration can affect respiratory measures, including minute ventilation. We tried to address this confound by using a strain of mouse (BALB/c) in the respiration studies that has similar antinociceptive responses but does not hyperlocomote in response to MOR stimulation. Our current studies are characterizing more DORselective glycopeptides, and preliminary data indicate that the compounds produces significantly less respiratory depression compared with morphine and MMP-2200.
In summary, the current studies extend the pharmacological characterization of a lead enkephalin-based glycopeptide that exhibits approximately equal DOR/MOR agonist activity. This profile, along with enhanced stability and BBB penetration, may account for the compound's potent antinociceptive effects after systemic administration. We have profiled the compound in several subacute and chronic inflammatory and neuropathic pain models where it produces full reversal of the abnormal pain states (manuscript in preparation). The broad spectrum of activity and less intense side effects observed with MMP-2200 may be related to the simultaneous activation of DOR and MOR. Our working hypothesis is that there is synergy with respect to antinociception and only additivity/subadditivity with respect to tolerance and dependence generation, locomotor stimulation, muscular rigidity, etc. The optimal ratio of DOR/MOR activation is Preclinical Pharmacology of a DOR/MOR Agonist unknown with respect to maximizing antinociception and minimizing classic opioid-mediated side effects. In the case of GI and respiratory parameters, it is likely that a higher degree of DOR selectivity is needed to reduce these side effects (Codd et al., 2009) . We are currently characterizing next-generation glycopeptides that have Ͼ100-fold selectivity for DOR over MOR, and we are also working to eliminate the KOR agonist component of MMP-2200. Additional optimization of the glycosyl is ongoing to further enhance CNS delivery and reduce the PNS/CNS ratio of drug levels. These efforts have the goal of developing a viable drug candidate that can be advanced into clinical trials to determine whether a DOR-selective agonist will be an effective broad-spectrum analgesic with reduced side effects compared with MOR analgesics and whether the glycosylation strategy is a viable approach for delivering small peptides to the CNS after intravenous or oral administration.
